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Since the middle of the nineteenth century, when the first census was conducted in England, the number of persons dying in a particular year has been compared with the population for that year in order to derive estimates of annual death rates. William Farr (1864) , in the Supplement to the 25th Annual Report ofthe Registrar-General ofBirths, Deaths, and Marriages in England, recognized the use that could be made of additional information, particularly the occupation recorded on the death certificate. He commented on 'the considerable difficulty in determining the mortality and the duration of life among men of all the professions, owing to the uncertainty in the naming of the trades'. Some occupations were considered as well defined and mortality rates were calculated for these. The hazards to the miner from explosions and underground injuries and to the publican from the effects of alcohol were clearly demonstrated.
William Ogle (1885), in his commentary in the Supplement to the 45th Annual Report, described two difficulties encountered in the calculation of death rates in different industries. The first was a consequence of the 'considerable standard of muscular strength and vigour to be maintained' by those who pursued various trades and occupations. Once the individual's health or strength fell below this standard he was compelled to give up the 225 occupation and either seek labour to which he was more suited, or in particularly serious cases, retire altogether from work. The second 'very serious flaw' was due to the fact that industries did not start on equal terms. The Supplement to the 75th Annual Report commented that 'some occupations may repel, while others attract, the unfit at the age of starting work, and, conversely some occupations may be of necessity recruited from men of supernormal physical condition'. It was thought that both these defects told in the same direction, giving an unfair advantage to such industries as required particular standards in the men they employed.
In contrast with the Registrar General's approach comparing the number of deaths and the estimated population, many recent studies have been based on tracing the mortality experience of defined cohorts. Although more accurate in terms of calculated death rates, these studies still suffer from the same difficulties with respect to their interpretation.
This problem has been widely recognized but no satisfactory solution proposed. Goldsmith (1975) pointed to five recent mortality studies which compared the observed mortality in an employed group with that expected on the basis of the general population or a non-exposed group. Most industrially-employed cohorts should be expected to have (and most do have) a better life expectancy than non-employed persons who include those in institutions, those with unstable employment, and those already ill at the time job-seeking begins. Goldsmith suggested that the bias might be greater at different ages and for certain causes but he concluded that the relevant data were not available. Enterline (1975) and Gaffrey (1975) both supported the suggestion that the effect was cause-related and Enterline proposed using a method of internal comparison. McMichael, Haynes, and Tyroler (1975) pointed out that in the report referred to by Goldsmith the 'healthy worker effect' had been described but that it was accepted that none of the three approaches used-that is, local controls, proportional mortality ratios, and analysis of each plant separately to see if the same conclusions could be drawn-tackled this problem.
In both Goldsmith's letter and the replies referred to above, the problem was described as though there was only one property of occupational cohorts that should be measured. It is however clear from the comments made by Ogle that there are at least three properties, mainly those of selection, survival, and length of follow-up. Further properties may come to light when cause and effect relationships are sought through the development of models.
METHOD
In 1974 the Employment Medical Advisory Service (EMAS), with the co-operation of the management and staff of the four companies involved in the manufacture of polyvinyl chloride (PVC), mounted a prospective mortality study aimed at covering all workers who had been or would be employed in the industry in Great Britain. Although complete records were not always available, it was thought that the overall picture was reasonably representative.
Our report of this study (Fox and Collier, 1977) , covering the period 1940-74 describes how more than 7000 men were employed at some time during this period on processes which resulted in possible exposure to vinyl chloride monomer (VCM). The industry is one which expanded rapidly after the second world war. The work force in 1974 represented more than 50% of persons who had at some time been exposed to VCM in the manufacture of PVC in Great Britain. Although no accurate measures of exposure levels are available the indications are that these have changed considerably since about 1965, as about that time attention was being paid to the incidence of acro-osteolysis among workers exposed to high concentrations of VCM. The threshold limit value for VCM was reduced from 1000 ppm to 200 ppm. As a result of conclusive evidence relating the exposure of workers to VCM to the subsequent development of a rare liver cancer (angiosarcoma), the standards that had been adopted were further reduced to 25 ppm (time weighted average with a 50 ppm ceiling) and subsequently to 10 ppm (time weighted average with a 30 ppm ceiling).
These dynamic changes were of fundamental importance in terms of the interpretation of the results of the study. When the total study population was considered some 393 deaths were observed compared with 521 22 expected on the basis of age-standardized death rates for all men in England and Wales. The person years at risk calculations were based on five-year age groups. The overall standardized mortality ratio (SMR) 75-4 is significantly below 100 although, as indicated above, this is not altogether surprising because approximately half of the population entered the industry within the period 1965-74, and were consequently fit for work. The 'healthy population selection effect' and the 'survivor population effect' described in detail more than 100 years ago by Ogle and referred to more recently in the discussion that followed Goldsmith's letter (Goldsmith, 1975) have been widely recognized by epidemiologists. Since this study of VCM workers covers an almost complete population of persons exposed, it affords an almost unique opportunity to obtain these measures for one industrial group. RESULTS In our report of this study (Fox and Collier, 1977) we stated that if the population were separated into cohorts according to the quinquennium of entry into the industry, those men who entered more recently would have lower overall mortality ratios than would those men who entered earlier. Similar trends were observed for all cancers and for circulatory disease when studied separately. By separating the observed and expected deaths according to year in which death occurred, we showed that the reduction in SMR was associated not with cohort definition but with the length of time the cohort was followed-up and therefore the length of time since the individual entered the industry. The analysis by length of time the cohort had been followed when divided into five-year periods, indicated that the SMR in the first five years of study might be as low as 40 * 5. Except for a slight drop in SMR between 20 years' and 29 years' follow-up the increase in SMR associated with longer follow-up is consistent, rising to 106 5 after 30-34 years. Table I gives the observed and expected deaths within the first four years, five to nine years, ten to fourteen years, and 15 years or more since entry into the industry. The SMR is seen to rise consistently from 37-4 for the first five years of study to 94-2 for 15 years or more. The four age groups are considered separately in Table I ; the rise in SMR associated with increased length of time since entering the industry is seen in each of these age groups. The ratio of SMR for 15+ years to that for less than four years is greater in the older age groups (55 to 74 years) than in the younger groups (25 to 54 years). The ratio of SMR for five to nine years to that of up to four years is however greater in the younger than the older age groups. Although in the 65 to 74-year group particularly, the numbers are small the analysis suggests that the healthy population effect is greater in the older age groups and lasts longer. A survivor population effect is more difficult to measure than the healthy population effect. The latter relates to the fitness of a group of men at one point in time, the time when they enter the industry, whereas the survivor population effect is continuously altered by the dynamic movements within and out of the industry. Although most people who change jobs within the industry or leave the industry do so for reasons unrelated to health, there are a number who change because they are not fit enough to continue in their present job or possibly because they consider their employment is affecting their health. Those people who enter the industry have a reduced SMR because of the healthy population selection (Fox and Collier, 1977) that the healthy population selection effect may be considered small 15 years after entry to the industry. The survivor population effect for men who were alive 15 years after entry was measured by comparing the mortality patterns of those who had left the industry before the 15 years were completed with those for men still in the industry 15 years after entering. The SMR for past workers including retired workers was 108 4 compared with 74 0 for those employees who were still in the industry.
In Tables III and IV In our report (Fox and Collier, 1977) we examined the deaths of men who entered the industry between 1940 and 1959 and who were alive 15 years later. These deaths were analysed according to the length of time spent in the industry. Although not in the 1940-44 cohort, overall there was a weak positive association between SMR and length of exposure.
In Tables V and VI, those men described in Tables  III and IV as 'past employees' have been subdivided accordingto the length oftime they spent in the industry. The selection effect is minimized and the survivor effect significantly reduced because the men studied were all alive 15 years after entry and had all left the industry. The residual survivor effect is associated with the length of time since people left the industry. Overall this analysis suggests a weak association between increased length of exposure and mortality rate. Table V indicates that the low rate in those exposed for less than five years was due to a low rate for men aged 75 and over (nine observed, 18 50 expected). The only indications of an excess with increased exposure are in the 55-64-year age group. Table VI suggests that this increase in SMR associated with length of time in the industry may be due to such an association for circulatory disease. In our report (Fox and Collier, 1977) we concluded that this was only limited evidence suggesting an association between mortality rate and increased length of exposure. Some such relationships may be discovered when more data are available but it should be remembered that the only excess found so far in this study to be associated with exposure to vinyl chloride was one of liver cancer. Since this is a relatively uncommon cause of death it is unlikely to be apparent when either all deaths or all cancers (as a group) are studied.
DISCUSSION
The effects on man of exposure to many of the chemicals used widely throughout industry have not group.bmj.com on June 22, 2017 -Published by http://jech.bmj.com/ Downloaded from been adequately ascertained. For some chemicals no measures of man's response to exposure have been obtained. Although others have been shown to be hazardous if men are exposed to high concentrations, much further research is required before the effects arising from exposures to lower concentrations are understood. For those chemicals for which methods of control have been recommended, the effectiveness of this control must be monitored by seeking medical as well as environmental indications of a continuing hazard.
The design of a study must depend above all on its objectives in relation to these three areas of research. If it is concerned with the identification of a hazard it may concentrate on the sectors of the exposed population in which significant exposures took place long enough in the past to ensure that any effect has had time to become manifest. A study concerned with the development of the dose-response relationships may cover a wider sector of the exposed population. Another monitoring of the effectiveness of control measures can be mounted only after these have been put into effect. Such monitoring must measure not only the chemical's effect on the men exposed but also the effect of the control measure on the actual environment to which he is exposed.
This survey is unique in that it is restricted to all men who have at some time been employed in one industry in one country. Its main objective was to put into perspective the hazards associated with work in that industry. The study confirmed the association between high exposures to VCM and mortality from liver cancer, in particular from angiosarcoma. Little evidence was found to support the suggestion that other cancers, in particular of the brain or lung, are associated with exposure to VCM. We have now considered the observations in greater depth to explain the low mortality rates that were previously reported. Although the selection problems associated with studying occupational groups had often been referred to, no serious attempt had previously been made to quantify these.
The result of this analysis shows clearly that in this industry the death rates depended on the selection of people fit for work into industry, their continuing employment in the industry, and the length of time that they had been studied. These factors affect all age groups (except for men over 75 years) and all cause groups that were considered. The impact appeared to be greater in younger men and was more marked for respiratory disease and lung cancer (for the survivor effect) than for circulatory disease and all cancers (as a group).
The use of mathematical models is suggested as an alternative method for analysing mortality studies; this is the natural extension of the work described by Knox (1973) . As studies develop covering persons exposed to lower levels and following-up people who leave the industry after limited exposures, this approach will provide the most useful way in which a particular problem can be studied. Measures of the effect of selection, survival, and length of follow-up should be incorporated into any detailed model that is developed. 
